Wall teichoic acids are anionic, phosphate-rich polymers linked to the peptidoglycan of gram-positive bacteria. In Bacillus subtilis, the predominant wall teichoic acid types are poly(glycerol phosphate) in strain 168 and poly(ribitol phosphate) in strain W23, and they are synthesized by the tag and tar gene products, respectively. Growing evidence suggests that wall teichoic acids are essential in B. subtilis; however, it is widely believed that teichoic acids are dispensable under phosphate-limiting conditions. In the work reported here, we carefully studied the dispensability of teichoic acid under phosphate-limiting conditions by constructing three new mutants. These strains, having precise deletions in tagB, tagF, and tarD, were dependent on xyloseinducible complementation from a distal locus (amyE) for growth. The tarD deletion interrupted poly(ribitol phosphate) synthesis in B. subtilis and represents a unique deletion of a tar gene. When teichoic acid biosynthetic proteins were depleted, the mutants showed a coccoid morphology and cell wall thickening. The new wall teichoic acid biogenesis mutants generated in this work and a previously reported tagD mutant were not viable under phosphate-limiting conditions in the absence of complementation. Cell wall analysis of B. subtilis grown under phosphate-limited conditions showed that teichoic acid contributed approximately one-third of the wall anionic content. These data suggest that wall teichoic acid has an essential function in B. subtilis that cannot be replaced by teichuronic acid.
Wall teichoic acids represent a diverse group of peptidoglycan-linked, phosphate-rich polymers found in gram-positive bacteria. The model gram-positive organism Bacillus subtilis has been studied to elucidate the genetic organization, transcriptional regulation, and function of teichoic acid biosynthetic enzymes. Much of this work has been completed in B. subtilis strain 168, which produces poly(glycerol phosphate) as its major teichoic acid, and, to a lesser extent, in strain W23, which produces poly(ribitol phosphate). In B. subtilis teichoic acid ( Fig. 1) , the main chain contains approximately 40 repeating units and is attached to peptidoglycan via a linkage unit consisting of N-acetylglucosamine-1-phosphate-N-acetylmannosamine and one to three glycerol phosphate residues (2, 44) . The tag genes (tagABDEFGHO) in strain 168 (31) and the tar genes (tarABIJKLDF) in strain W23 (27) encode the teichoic acid biosynthetic machinery. The protein products of the tagD, tagF, tagA, and tagO genes have been assigned functions based on biochemical data (35, 38) and sequence similarity to characterized enzymes (27, 31) .
Although wall teichoic acid was considered dispensable for decades, the isolation of temperature-sensitive mutants derived from random mutagenesis of strain 168 (7, 9, 37) suggested that wall teichoic acid may be essential. At the restrictive temperature, these mutants exhibited extremely poor growth and an abnormal coccoid morphology characteristic of cell wall mutants (7, 21) . The quantity of teichoic acid was shown to be greatly reduced in the walls of these mutant strains. More recently, our group unequivocally confirmed the indispensability of tagD at a physiologically relevant temperature in a defined genetic background by construction of a tagD deletion strain (4) . tagD was precisely replaced by an antibiotic resistance cassette, while a complementing copy of the gene, under xylose-inducible control, was inserted at the amyE locus. In the absence of xylose, this deletion strain displayed the mutant phenotype described above, but it was rescued by induction of the complementing copy.
Various functions of wall teichoic acid have been proposed, and many of them are related to its anionic character, such as cell shape maintenance by charge repulsion (34) or buffering of magnesium ions (19) . However, the ability of teichoic acid to act as a phosphate reservoir appears to present an exception to its indispensability. Ellwood and Tempest and other workers have reported that teichoic acid is replaced by teichuronic acid when B. subtilis is grown under phosphate-limited conditions (15, 26) . Teichuronic acid is a phosphate-free carbohydrate polymer containing glucuronic acid (43) and is synthesized by enzymes encoded in the tua operon (40) . When phosphate is limited, the PhoP/PhoR system induces transcription of the tua operon (29) and represses transcription of the tag divergon (28, 32) . Grant demonstrated that B. subtilis releases its existing teichoic acid into the medium and takes in phosphate from the medium (16) . It is thought that the anionic glucuronic acid components of teichuronic acid substitute for the anionic phosphate groups of teichoic acid, thus satisfying the cellular requirement for an anionic polymer; meanwhile, phosphate is liberated for more urgent uses, such as nucleic acid synthesis. A number of groups, however, have produced results that are at odds with this accepted paradigm. Namely, these groups found significant quantities of phosphate in the cell walls of strain 168 grown under phosphate-limited conditions (25, 40) . These findings raised the possibility that teichoic acid may still be essential for growth during phosphate limitation.
Another challenge to our understanding of the importance of wall teichoic acid to gram-positive bacteria arose from a report that teichoic acid is not essential in Staphylococcus aureus (42) . Like B. subtilis strain W23, this gram-positive pathogen produces poly(ribitol phosphate). When the putative N-acetylglucosamine-1-phosphate transferase gene tagO was deleted from S. aureus, the organism was ineffective at colonizing nasal passages in cotton rats, indicating that teichoic acid is a virulence factor. However, the tagO null strain remained viable under laboratory conditions despite the teichoic acid deficiency. The surprisingly dissimilar requirements for teichoic acid in different species call for further investigation into this polymer and its functions.
In light of the issues described above, we sought to resolve the indispensability of teichoic acid in the well-characterized model organism B. subtilis, which allows straightforward genetic manipulation and phenotypic analysis. We describe here the construction of three conditionally complemented deletion strains. We generated tagB and tagF deletion strains that verified the essentiality of these genes and of teichoic acid in strain 168. Moreover, we report the construction of a tarD deletion strain from a 168-W23 hybrid strain, in which the tag genes were replaced by the tar genes in a 168 background (22) . This strain produces predominantly the poly(ribitol phosphate) teichoic acid polymer found in other gram-positive bacteria, including S. aureus. tarD, which putatively encodes the CDPglycerol cytidylyltransferase in W23, was found to be essential; this represents the first demonstration of the indispensability of a poly(ribitol phosphate) biosynthetic enzyme. Furthermore, when we imposed termination of teichoic acid biosynthesis in our four deletion strains under phosphate-limited conditions, they were not viable. These results, combined with analyses that detected considerable quantities of phosphate in the walls of phosphate-limited cultures, indicate that teichuronic acid does not completely replace teichoic acid during phosphate limitation. The data presented here substantiate the essentiality of teichoic acid in B. subtilis strains that produce poly(glycerol phosphate) and poly(ribitol phosphate).
MATERIALS AND METHODS
B. subtilis strains, plasmids, and cultures. Bacterial strains and plasmids are described in Table 1 Table S1 in the supplemental material. Unless otherwise indicated, strains were grown at 30°C in Luria-Bertani (LB) liquid medium with aeration at 250 rpm or on solid LB agar supplemented with the following compounds: 150 g of spectinomycin per ml, 10 g of chloramphenicol per ml, and 2% (wt/vol) xylose. Phosphate limitation medium (PL medium) was made according to the specifications of Grant (16) . The general cloning methods used for B. subtilis were those described by Cutting and Youngman (14) . Construction of tagB, tagF, and tarD deletion strains. To generate the pSWEET-tagB derivative, tagB was amplified by PCR from B. subtilis 168 chromosomal DNA with primers tagBoptrbsfor and tagBrev3 and cloned into pSWEET-bgaB (5). The resulting plasmid, pSWEET-tagB, was transformed into L5087. pSWEET-tagF (38) and pSWEET-tagD (5) were transformed into L5087 and L5706, respectively. L5087 was made competent by the protocol of Cutting and Youngman (14) , and L5706 was made competent by the method of Karamata and Gross (20) . Integration of pSWEET derivatives at the amyE locus was verified by a starch utilization assay (18) and by PCR. The resulting strains were designated EB521, EB313, and EB842.
To precisely replace each gene at its native locus, 1 kb of sequence upstream of the gene and 1 kb of sequence downstream of the gene were amplified by PCR from the B. subtilis chromosome by using Expand High Fidelity DNA polymerase (Roche Applied Science, Laval, Quebec, Canada) and the primer pairs upflankaupflankb and downflankc-downflankd, respectively. A spectinomycin resistance cassette was amplified by PCR with Expand DNA polymerase from plasmid pUS19 by using primers specfor and specrev. Primers upflankb and downflankc contained sequences complementary to sequences in primers specfor and specrev, respectively. The resulting PCR fragments annealed so that the spectinomycin resistance cassette was situated between the flanking sequences, forming in essence a 3-kb template that was PCR amplified with primers upflanka and downflankd. The 3-kb fragment was used to transform each parent strain (EB521, EB313, and EB842) with selection on spectinomycin, and the transformants (designated EB633, EB669, and EB856, respectively) were verified by PCR.
Characterization of tagB, tagF, and tarD deletion strains. Deletion and parent strains were grown overnight on plates containing LB medium supplemented with chloramphenicol, spectinomycin, and 2% xylose and on plates containing LB medium supplemented with chloramphenicol, respectively. Both strains were subsequently streaked onto plates containing LB medium supplemented with chloramphenicol with or without 2% xylose and grown for 36 h at 30°C. For liquid culture experiments, strains EB521 and EB633 from LB medium plates (supplemented with 2% xylose in the case of EB633) were suspended in sterile saline and used to inoculate fresh LB medium supplemented with chloramphenicol without xylose or with 0.006, 0.02, 0.06, or 2% xylose in a 96-well sterile microtiter plate. The plate was incubated at 30°C with shaking at 250 rpm, and growth was monitored every hour by determining the optical density at 600 nm (OD 600 ).
Microscopy. Deletion and parent strains were grown overnight on solid LB medium at 30°C. Cells were suspended in saline, fixed by the procedure of Harry et al. (17) , and visualized by phase-contrast microscopy by using an Olympus CX41 microscope (Carsen Group, Markham, Ontario, Canada) with an oil immersion ϫ100 objective. Images were obtained with an Olympus Q-Color3 camera, and the images were processed by using the MediaCybernetics ImagePro Express software (Carsen Group). For scanning electron microscopy, EB521 and EB633 were grown overnight on solid LB medium in the absence of xylose. Cells were suspended in sterile saline, spotted onto a coverslip, and gold coated to a thickness of approximately 7 nm by using a Polaron SEM coating system (Polaron Instruments Inc., Hatfield, Pa.). Specimens were visualized by using an environmental scanning electron microscope (ESEM model 2020; ElectroScan Corporation, Wilmington, Mass.). For transmission electron microscopy, EB521 and EB633 cells from overnight cultures on solid LB medium were initially suspended in sterile saline. The cells were fixed with 2% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4). Samples were postfixed with 1% osmium tetroxide in 0.1 M sodium cacodylate buffer (pH 7.4). Dehydration was performed by using a graded ethanol series, followed by treatment with propylene oxide and imbedding in Spurr's resin. Sections (70 nm) were cut with a Reichert Ultracut E ultramicrotome (Leica Inc., Vienna, Austria). Samples were stained for 5 min with saturated uranyl acetate and for 2 min with lead citrate. Samples were visualized and photographed with a JEOL 1200 EX Biosystem electron microscope (JEOL Ltd., Tokyo, Japan).
Phosphate limitation of deletion strains. Deletion strains, parent strains, and L5087 were acclimatized to phosphate-limited conditions by plating them on PL medium containing 2.5 mM phosphate (phosphate-replete conditions) for 48 h and twice on PL medium containing 0.25 mM phosphate (phosphate-limited conditions) for 48 h each. The deletion strains were grown in the presence of 2% xylose. The strains were then plated on solid PL medium supplemented with 0.25 and 2.5 mM phosphate in the presence or absence of 2% xylose. To obtain growth profiles in liquid medium, overnight cultures of each strain were grown in PL medium containing 0.25 mM phosphate, and xylose was withheld in order to deplete cells of existing protein. PL medium supplemented with various levels of phosphate (no phosphate and 0.0313, 0.0625, 0.125, 0.25, and 2.5 mM phosphate) in the presence or absence of 2% xylose were inoculated to an OD 600 of approximately 0.015, and the organisms were grown in 96-well microtiter plates. The plates were incubated with shaking at 250 rpm, and growth was monitored hourly. Growth profiles were determined at least in triplicate.
Cell wall isolation and analysis. L5087 was acclimatized to three different phosphate concentrations (0.0625, 0.25, and 2.5 mM) on solid PL medium. L5087 from each of the three plates was used to inoculate overnight cultures in media containing phosphate at the corresponding concentrations; these cultures were subsequently used to inoculate 200-ml portions of PL medium containing phosphate at the corresponding concentrations. The resulting 200-ml cultures were grown overnight to saturation, and cell walls were extracted as described by MacDonald (30) , with the following changes: 25 mM citrate buffer (pH 6.0) was used instead of phosphate buffer; a Beckman MLA 80 rotor was used for ultracentrifugation steps; and samples were treated with DNase, RNase, and trypsin (24) prior to the second round of boiling in sodium dodecyl sulfate. The wall phosphate content was assayed by the protocol of Chen et al. (12) by using KH 2 PO 4 as a standard, after mineralization as previously described (1) . The wall uronic acid content was assayed by the method of Blumenkrantz and AsboeHansen (6) by using glucuronic acid as a standard.
Random mutagenesis of the temperature-sensitive tagD mutant (L6602). Fivemilliliter cultures of L6602 were grown in LB medium until the mid-exponential phase (OD 600 , ϳ0.8). Then 1.5 ml of each culture was pelleted, resuspended in 150 l of sterile saline, and diluted 1,000-fold in sterile saline. Aliquots (5 ml) were placed into petri dishes and UV irradiated at 254 nm by using a model UVGL-25 lamp (UVP Inc., San Gabriel, Calif.) at a distance of 12 cm. The dishes were irradiated for 15, 30, and 90 s under dim light (to minimize the action of DNA photolyases) and simultaneously agitated. Suppressors were selected on solid LB medium at the nonpermissive temperature (47°C). This protocol was repeated multiple times, irradiating approximately 1.1 ϫ 10 9 cells. tagD was amplified from EB771 chromosomal DNA by PCR by using primers tagDfor and tagDrev and sequenced. EB771 chromosomal DNA was congressed into L6602; transformants were selected on solid LB medium at 47°C, and their tagD genes were sequenced as described above.
RESULTS
Deletion of tagB and tagF in B. subtilis 168 and deletion of tarD in the 168-W23 hybrid strain. To date, the only characterized mutants with mutations in tagB and tagF are temperature-sensitive B. subtilis strains (7, 8, 21, 36) . However, the high temperature required for manifestation of the lethal phenotype and the undefined nature of the strain genotype have left some ambiguity regarding the essentiality of TagB and TagF in B. subtilis. To clearly resolve the question of tagB and tagF dispensability, we constructed strains of B. subtilis 168 that had precise deletions of these genes. First, a complementing copy of the gene subject to xylose-inducible expression was introduced at the amyE locus of B. subtilis, creating new strains designated EB521, EB312, and EB313 (the last two strains differ only in the ribosome binding site upstream of tagF). The native copy of each tag gene was subsequently replaced by a spectinomycin resistance cassette at the tag locus, yielding strains EB633 and EB669.
The concept of a tarD deletion strain is novel in that none of the tar genes have been tested yet for indispensability, largely due to the difficulties of genetic manipulation of B. subtilis strain W23. Karamata et al. generated 168-W23 hybrid strains, in which the tar divergon replaced the tag divergon in strain 168, by congressing W23 DNA into the temperature-sensitive tagD strain and selecting organisms at the nonpermissive temperature (22) . This replacement was a result of a pseudoallelic VOL. 186, 2004 TEICHOIC ACID IS ESSENTIAL UNDER PHOSPHATE LIMITATION 7867 relationship between these teichoic acid biosynthetic genes (45) . These hybrid strains produce mainly poly(ribitol phosphate) while maintaining normal cellular envelope functions, and thus analysis of the tar genes is facilitated. The tarD deletion strain was obtained by integration of pSWEET-tagD at the amyE locus of hybrid strain L5706, and tarD was precisely replaced as described above for the tag deletion strains. The pSWEET-tagD derivative was used since TagD and TarD exhibit 76% identity and have been predicted to catalyze the same reaction (27) . The dispensability of TagB, TagF, and TarD was tested by growing the deletion strains and their parent strains on solid medium at a physiological temperature in the presence or absence of 2% xylose. As shown in Fig. 2A , parent strains EB521, EB313, and EB842 showed robust growth with normal colony morphology. In contrast, the corresponding deletion strains, strains EB633, EB669, and EB856, were unable to form single colonies in the absence of expression of the complementing copy, and they showed only poor growth on the highest-inoculum area of the plate. This growth phenotype for the deletion strains was entirely reversible when the organisms were grown in the presence of the inducer xylose. Figure 2B shows that the growth kinetics of the parent strain EB521 and the fully complemented deletion strain EB633 were virtually identical. This contrasted with the findings for the deletion strain grown in the absence of inducer, which showed no growth in liquid medium. We also noted that when EB633 cultures were supplemented with intermediate concentrations of the inducer, the extent of growth and the growth rate decreased as the level of the inducer decreased. We do not attribute the change in growth to a metabolic effect of xylose since EB521 grown in the absence of xylose showed only a slight decrease in growth (less than 20% difference [data not shown]).
Characterization of deletion strains by microscopy. All deletion strains and the corresponding parent strains were examined by phase-contrast microscopy after growth in the absence of the inducer. Strains EB633 and EB521 were examined further by environmental scanning electron microscopy and transmission electron microscopy. While the parent strains exhibited normal rod-shaped morphology (see Fig. S1A to C in the supplemental material), phase-contrast microscopy revealed a loss of the rod-shaped integrity in the deletion strains (see Fig.  S1D to F in the supplemental material), which led to cell rounding as well as a pronounced increase in the cell width. Examination of the cell surface of EB633 by environmental scanning electron microscopy revealed that cells from which TagB was depleted had conspicuous bulges and multiple furrows, perhaps indicative of multiple septa, in addition to a notable thickening of the cell (see Fig. S1H in the supplemental material). The overall curvature of the cells was in clear contrast to the cells of the parent strain (see Fig. S1G in the supplemental material), which were straight with only a single furrow, presumably a cell septum, and no noticeable bulging. Examination of thin sections revealed the expected morphology for the parent strain (see Fig. S1I in the supplemental material), with clear visualization of the nucleoid region and the relatively thin cell wall. In contrast to the parent strain, the tagB deletion strain (see Fig. S1J in the supplemental material) had an aberrant cell shape and pronounced thickening of the cell wall. This mutant strain also appeared to shed cell wall. A low-magnification field of this strain (see Fig. S1K in the supplemental material) showed multicompartmentalized cells possessing atypical cell septa with regard to number and curvature. There was also evidence of cell lysis. The striking morphological phenotype observed upon depletion of TagB is reminiscent FIG. 2 . Xylose-dependent growth of tagB, tagF, and tarD deletion strains. (A) Analysis of growth of tag and tar deletion strains on solid medium. Parent strains EB313, EB521, and EB842 and deletion strains EB633, EB669, and EB856 were grown on solid LB medium containing chloramphenicol in the presence or absence of inducer (2% xylose). (B) Analysis of growth of tagB deletion strain in liquid medium. Strain EB521 was inoculated into LB medium containing chloramphenicol supplemented with 2% xylose (E), and EB633 was inoculated into LB medium containing chloramphenicol supplemented with 2% xylose (छ), 0.06% xylose (ᮀ), 0.02% xylose (■), 0.006% xylose (ƒ), or no xylose (). Growth was monitored by determining the optical density.
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of that observed upon depletion of TagD in a previously reported tagD deletion mutant (4). Phosphate limitation of tagB, tagD, tagF, and tarD deletion strains. The four deletion strains harboring inducible complementing gene copies were used to assess teichoic acid dispensability during phosphate limitation. The deletion strains and the corresponding parent strains were acclimatized to 0.25 mM phosphate in PL medium (see Materials and Methods) and subsequently plated on solid PL medium containing either 2.5 mM phosphate (phosphate-replete condition) or 0.25 mM phosphate (phosphate-limiting condition) in the presence and absence of 2% xylose. These phosphate concentrations were chosen to allow comparison of our observations with those reported by other workers who also used 2.5 mM phosphate as the phosphate-replete condition and 0.25 mM phosphate as the phosphate-limiting condition (16, 25, 26, 33, 39, 40) . As shown in Fig. 3 , all parent strains grew normally on all types of media. As observed by other workers (16, 26) , growth on phosphate-limited PL medium was less robust than growth on complete medium, presumably due to decreased availability of phosphate. Intriguingly, the deletion strains exhibited clear xylose-dependent growth irrespective of the concentration of phosphate in the PL medium. While the growth in the presence of xylose matched the growth of the parent strains, the growth on phosphate-limited PL medium lacking xylose was severely impaired and comparable to the growth of the deletion strains grown on rich LB medium lacking xylose (Fig. 2) . EB633 showed somewhat more growth, although it was not nearly as robust as parent strain EB521; this was likely due to a transcriptional leak from the xylA promoter.
The essentiality of the teichoic acid biosynthetic enzymes during phosphate limitation suggests that teichoic acid remains an important cell wall component under these conditions. However, since teichuronic acid production has been shown to be affected by the phosphate concentration (26), we wanted to ensure that our observations did not stem from insufficiently low phosphate levels. Thus, the deletion strains and parent strains were grown in liquid cultures containing serially diluted phosphate in the presence or absence of xylose. The resulting growth profiles for tagF deletion strain EB669 and control strain EB312 are shown in Fig. 4 . As expected, the maximum cell density decreased as the phosphate concentration decreased, and growth was negligible in the absence of phosphate. However, while the profiles for EB312 remained fairly constant despite the addition of xylose, the profiles for EB669 were significantly affected by xylose. In accordance with the xylose dependence of the deletion strains in phosphate-replete media, EB669 cultured in medium containing 2.5 mM phosphate and 2% xylose grew to a cell density that was 2.5 times greater than the density in the same medium without xylose. A comparable reduction in growth in the absence of xylose was obtained in media containing 0.25 mM phosphate, thereby confirming the results obtained with solid media (Fig. 3) . Although a pronounced difference in growth in the presence and absence of xylose was evident at the highest phosphate concentrations used in this experiment (2.5, 0.25, and 0.125 mM), this effect was reduced at the lower phosphate concentrations and was in fact negligible in medium containing 0.031 mM phosphate. This was likely due to low cell densities associated with phosphate-limited cultures in the presence of the inducer and basal cell densities attributable to a transcriptional leak in the absence of the inducer. The results were confirmed on solid media containing 0.0625 mM phosphate, which showed that Overall, these growth profiles demonstrate that in the absence of the TagF enzyme, production of teichuronic acid induced by extreme phosphate limitation is insufficient to rescue the cells. The growth profiles of the other deletion strains and their parent strains resulted in patterns similar to those described here (data not shown). The exception, as before, was EB633; in comparison to the other deletion strains, this strain exhibited small reductions in growth even in phosphate-replete media, suggesting that a transcriptional leak from pSWEET was responsible. The extent of the transcriptional leak may be especially significant given that TagB is predicted to have a low copy number in vivo (31) .
Cell wall analysis of wild-type B. subtilis grown in phosphate-replete and phosphate-limited media. To determine whether the requirement for teichoic acid under phosphatelimited conditions stems from the continued presence of this compound in the cell wall, L5087 was grown in batch cultures in PL medium with three phosphate concentrations, and the cell wall phosphate and uronic acid contents were assayed. L5087 was previously acclimatized to each phosphate concentration for numerous generations in order to achieve a stable wall composition. The three concentrations included phosphate-replete conditions (2.5 mM) and two phosphate-limited conditions that have been used previously, 0.25 mM phosphate used in chemostat cultures and 0.0625 mM phosphate used in batch cultures (25) .
The results of the assays are shown in Table 2 . Consistent with theory and essentially all previously described analyses, a negligible quantity of uronic acid was found in the walls of cells grown in phosphate-replete medium. However, after growth in medium containing 0.25 mM phosphate, the walls contained twice as much phosphate as uronic acid. This ratio was inverted in the walls of cells grown in media containing 0.0625 mM phosphate, but phosphate still accounted for approximately FIG. 4 . Effects of phosphate and xylose levels on tagF deletion strain. EB669 and control strain EB312 were grown in liquid PL media in the absence of phosphate (ᮀ) or in the presence of 0.0313 mM phosphate (■), 0.0625 mM phosphate (ƒ), 0.125 mM phosphate (), 0.25 mM phosphate (E), or 2.5 mM phosphate (F) and in the presence or absence of an inducer (2% xylose). Growth was monitored by determining the optical density. The experiment was performed in triplicate, and representative profiles are shown. Isolation of a suppressor mutation in the tagD temperaturesensitive strain (L6602). To isolate suppressor mutations that compensate for the lack of functional TagD and, more generally, for the obstruction of teichoic acid biosynthesis, L6602 was randomly mutagenized (see Materials and Methods) and grown at the nonpermissive temperature (47°C) to select for life. This produced one suppressor strain, designated EB771, which was generated by treatment of L6602 with 30 s of UV irradiation. The tagD gene of EB771 was sequenced to determine if an intragenic mutation had reversed the effects of the temperature-sensitive mutation. The tagD gene of EB771 had a cytosine at position 242, the central nucleotide of codon 81 and the precise location of the T-to-A transition responsible for temperature sensitivity. Codon 81 encodes isoleucine in the wild-type tagD gene, asparagine in the temperature-sensitive tagD gene, and threonine in the tagD gene of the suppressor strain. To confirm that this base pair disparity was responsible for the suppressor phenotype, EB771 chromosomal DNA was congressed into L6602, and selection at 47°C induced incorporation of the suppressor mutation into the L6602 chromosome. The tagD gene of one transformant was sequenced. This revealed a cytosine at bp 242 (data not shown), indicating that this mutation, in all likelihood, suppressed the temperaturesensitive phenotype. The finding that the only mutant in this hunt was an intragenic suppressor supports the hypothesis that teichoic acid cannot be functionally replaced by teichuronic acid.
DISCUSSION
In this paper we report on three conditionally complemented deletions of teichoic acid biosynthetic genes in B. subtilis. Complementation was dependent on the expression of a xylose-inducible copy of the gene at an alternate locus (amyE). We clearly showed that tagB and tagF are essential to the viability of B. subtilis 168, which is consistent with the involvement of each gene product in a critical step of teichoic acid biosynthesis. The indispensable nature of tagB and tagF is in good agreement with previous studies in which the workers utilized either thermosensitive mutant strains (7, 37) or disruptions of these genes obtained via insertion of a nonreplicating plasmid (23) . The B. subtilis 168 tagB and tagF deletion strains used in this work are not restricted to studies performed at an elevated temperature and have well-defined genetic backgrounds, unlike the thermosensitive mutants that arose from chemical mutagenesis (7, 9, 37) . Furthermore, conditional complementation of a precise deletion rules out the possibility of a polar effect, a problem that can arise when plasmid-based disruption strategies are employed. We were especially mindful of this fact given that tagB and tagF are situated in a divergently transcribed operon containing other essential genes (31) .
The precise deletion and conditional complementation of tarD in a 168-W23 hybrid strain mark the first time that a poly(ribitol phosphate) biosynthetic enzyme has been shown to be essential. This suggests that poly(ribitol phosphate) is indispensable for the viability of B. subtilis W23. The essentiality of tarD also produces another interesting implication: namely, that the glycerol phosphate monomers in the linkage unit are essential. Studies with strain 168 could not have yielded this conclusion, since the CDP-glycerol cytidylyltransferase TagD synthesizes activated glycerol phosphate for both the linkage unit and the main chain polymer.
Our microscopic examination of the deletion strains correlated well with the morphological phenotype of characterized teichoic acid mutants. Examination of strains grown in the absence of an inducer revealed the irregular coccoid shape observed for the temperature-sensitive tagB mutant at the restrictive temperature (8) . Further microscopic characterization of the tagB deletion strain showed wall thickening, septal aberrations, and cell lysis, which we are coming to regard as hallmarks of teichoic acid biogenesis mutants (4, 13) . The conservation of teichoic acid biosynthetic proteins and the striking phenotype associated with depletion of the B. subtilis tag gene products suggest that teichoic acid biogenesis is a vital and conserved process in gram-positive bacteria.
The strict requirement for wall teichoic acid, moreover, appears to extend to phosphate limitation. The notion that Bacillus species completely replace teichoic acid with teichuronic acid under phosphate-limited conditions has long been entrenched in the literature. Contrary evidence has surfaced, but arbitrating between conflicting cell wall analyses is difficult, especially when the methodologies of groups differ slightly. The results of our cell wall analysis, in accordance with those of Lang et al. (26) , show that the proportion of phosphate in the walls is reduced as the phosphate concentration in the medium decreases. However, in contrast to Lang et al. and in agreement with Soldo et al. (40) and Lahooti and Harwood (25) , we found that phosphate comprises a significant fraction of the anionic component in the walls of phosphate-limited cells. Our values are consistent with observations that the level of tag gene expression is one-third or one-half of the normal level during phosphate limitation (28, 32) . Together, these data support a model in which substantial quantities of teichoic acid continue to be incorporated into the wall.
What makes this model convincing is the essentiality of various teichoic acid biosynthetic genes when phosphate is limited. The response of tagB, tagD, and tagF deletion strains [notably, a strain with a deletion in tagF, which encodes the poly(glycerol phosphate) polymerase] suggests that the polymer itself is indispensable. Indeed, this phosphate-independent essentiality appears to extend also to poly(ribitol phosphate), since tarD was also shown here to be essential under phosphate-limiting conditions. It appears that teichoic acid remains a major cell wall polymer when phosphate is scarce, so that a forced genetic halt of teichoic acid biosynthesis has severe consequences.
The simplest interpretation of our data is that the failure of teichuronic acid to rescue the teichoic acid synthesis mutants is rooted in functional differences between teichuronic acid and VOL. 186, 2004 TEICHOIC ACID IS ESSENTIAL UNDER PHOSPHATE LIMITATION 7871 teichoic acid. The two polymers have been shown to bind magnesium ions with nearly identical affinities (19) and to regulate autolysins by a proton motive force (10) . However, teichoic acid may play a unique role that teichuronic acid cannot play. Indeed, as phosphate becomes increasingly limited, B. subtilis 168 sacrifices culture density rather than fully depleting its teichoic acid (26) . Also indicative of a unique function is our inability to generate an extragenic suppressor mutation in the tagD temperature-sensitive strain. Intragenic reversion might be considered less likely than upregulation of teichuronic acid synthesis by mutation of phoP, phoR, or the tua promoter. For example, Muller et al. (33) isolated a phoR mutant that induced and hyperinduced teichuronic acid production under phosphate-replete and phosphate-limited conditions, respectively (although in neither of these cases was replacement very extensive). The failure to identify extragenic suppressors does not preclude their potential generation, but it suggests that teichoic acid is essential in B. subtilis 168 and cannot be easily replaced by increased teichuronic acid synthesis or alteration of other pathways. While our results have cast doubt on the paradigm of total replacement of teichoic acid by teichuronic acid during phosphate limitation, conflicts in the literature persist. As mentioned above, our cell wall analyses differ from those of other groups. Moreover, Cheah et al. reported that they could not detect significant activity of TarD and other Tar proteins in phosphate-limited cultures of strain W23 (11) . It is difficult to reconcile the indispensability and inactivity of the TarD enzyme under identical conditions. New approaches are needed to clarify the mechanics of anionic polymer synthesis in phosphate-limited B. subtilis.
